Abstract Motor control demands coordinated excitation and inhibition across distributed brain neuronal networks. Recent work has suggested that multiple sclerosis (MS) may be associated with impairments of neuronal inhibition as part of more general progressive impairments of connectivity. Here, we report results from a prospective, multicentre fMRI study designed to characterise the changes in patients relative to healthy controls during a simple cued hand movement task. This study was conducted at eight European sites using 1.5 Tesla scanners. Brain deactivation during right hand movement was assessed in 56 righthanded patients with relapsing-remitting or secondary progressive MS without clinically evident hand impairment and in 60 age-matched, healthy subjects. The MS patients showed reduced task-associated deactivation relative to healthy controls in the pre-and postcentral gyri of the ipsilateral hemisphere in the region functionally specialised for hand movement control. We hypothesise that this impairment of deactivation is related to deWcits of transcallosal connectivity and GABAergic neurotransmission occurring with the progression of pathology in the MS patients. This study has substantially extended previous observations with a well-powered, multicentre study. The clinical signiWcance of these deactivation changes is still uncertain, but the 123 functional anatomy of the aVected region suggests that they could contribute to impairments of motor control.
Introduction
Extensive characterisation of functional activation in response to unilateral hand tapping tasks has provided evidence for potentially adaptive relative increases in regional brain activation (including the primary sensorimotor and premotor cortices ipsilateral to the hand moved) in MS patients with respect to healthy controls (Filippi et al. 2002 (Filippi et al. , 2004a Lee et al. 2000; Pantano et al. 2002a; Reddy et al. 2000a, b; Rocca et al. 2002a Rocca et al. , 2005 . These studies have identiWed clear functional correlations with diVuse neuronal damage throughout the motor system suggesting a relationship between the burden of pathology and the neurophysiological changes. Related studies of cognitive functions in MS patients have demonstrated that abnormal neuronal activation patterns also are found in other functional systems (Au Duong et al. 2005; Audoin et al. 2003; Cader et al. 2006) .
More recently, attention has been directed towards the deactivation phenomena. For example, healthy controls are known to deactivate the ipsilateral motor cortex during unilateral hand tapping, a process that is likely mediated by interhemispheric inhibition (Allison et al. 2000) . In a pilot study performed by us in a small group of patients, we found that when MS patients perform the same task, the negative BOLD signal is relatively reduced; a net positive BOLD response (activation) often can be observed (Manson et al. 2006) .
Evidence suggests that the negative BOLD signal reXects a relative suppression of neuronal Wring (Shmuel et al. 2006) . Thus, our previous results imply an impairment of inhibition in the motor network in the brain of MS patients. This hypothesis is consistent with considerable evidence for transcallosal Wbre dysfunction or loss (Cader et al. 2007 ) and with microarray studies of post-mortem material showing a deWcit in expression of proteins associated with GABAergic neurotransmission (Dutta et al. 2006) .
Here, we report a substantial extension of our earlier pilot study using data available from a prospective, multicentre fMRI study. The primary aim of this study was to more powerfully test the earlier observation. The multi-centre design also allowed us to explore the potential of multicentre studies for elucidation of such phenomenona.
Methods

Subjects and centres
A total of 78 patients and 81 control subjects were scanned at eight European sites. The inclusion criteria for this study required all subjects to be right-handed, non-smokers, and aged between 19 and 55 years. In addition, patients included in the study had to fulWl the following criteria: relapsing-remitting or secondary progressive MS, no relapse or corticosteroids within the previous 3 months prior to scanning, Expanded Disability Status Scale (EDSS) score of ·7.5 (Kurtzke 1983) and no complaint or clinical history of right hand impairment.
A total of 22 patients were excluded from the Wnal analysis; 16 patients were excluded, as they did not meet the original inclusion criteria [older than 55 years (2 patients), relapse within the last 3 months (4 patients), incorrect clinical subtype (2 patients with primary progressive MS, 6 patients with clinically isolated syndromes), left-handed (2 patients)]. One patient was excluded because the patent was not fully compliant with the protocol. Data from a further Wve patients were excluded because of severe artefacts in the functional MRI data (EPI "ghosting" and/or unusually large signal loss due to B 0 inhomogeneity). A total of 21 healthy control subjects also were excluded from the analysis. fMRI data of 6 control cases were not included due to moderately severe artefacts in the functional data; 15 further control cases were excluded in order to optimally match control subjects to MS patients for age, sex and centre of enrolment.
After these exclusions from the original study population, 60 healthy control subjects and 56 patients with clinically deWnite MS were included in the analysis. The 60 right-handed, age-matched healthy subjects included 32 men and 28 women (median age 30 years, range 19-123 48 years). All of the patients (21 men, 35 women; median age 35 years, range 20-53 years) had clinically deWnite MS (relapsing-remitting or secondary progressive; median disease duration 6.7 years, range 1-21 years) according to the Poser criteria (Poser et al. 1983) . Disability was assessed with Kurtzke Expanded Disability Status Scale (EDSS; median EDSS 2.0, range 0-7.5; Kurtzke 1983) at the time of the fMRI scanning by experienced neurologists. None of the patients had clinically evident visual deWcits or impairment of right-hand movement on routine neurological examination. None of the patients had experienced a relapse or received corticosteroids within 3 months prior to scanning. All subjects were non-smokers and were advised to abstain from drinking caVeine-containing beverages for 12 h before the scan.
MRI scanning
MRI scans at all centres were performed on magnets with a Weld strength of 1.5 Tesla (Amsterdam: Siemens Sonata, Barcelona: Siemens Symphony Maestro Class, Basel: Siemens Sonata, Graz: Philips Intera, London: GE Signa Excite 11.0, Milan: Vision Siemens, Oxford: Siemens Sonata, Siena: Philips Gyroscan ACS-NT15). Sagital T1-weighted localiser images were acquired to identify the anterior-posterior commissural plane. Functional MRI data was obtained using a multi-slice gradient echo planar imaging (EPI) sequence (21 slices parallel to the anteriorposterior commissural plane, 3.75 mm £ 3.75 mm £ 6 mm resolution, TE = 60 ms, TR = 3000 ms, FOV = 240 £ 240, matrix = 64 £ 64). Each fMRI scan lasted 6 min and consisted of 120 volumes, and each subject repeated the scan four times. High-resolution T1-weighted anatomical scans were also acquired for registration of functional data (resolution of T1-weighted scans: 1 mm £ 0.5 mm £ 0.5 mm for Barcelona, 1 mm £ 1 mm £ 1 mm for Basel and Oxford, 1 mm £ 1.5 mm £ 1 mm for Amsterdam and London, 1 mm £ 1 mm £ 3 mm for Siena).
Experimental design
The fMRI experiment was a "block" design, with six 30 s periods of hand tapping alternating with six 30 s periods of rest. This 6 min sequence was repeated four times in each session. Subjects were asked to perform a repetitive Xexion-extension of the last four Wngers of the right hand, moving together in time with a 1 Hz visual stimulus. All centres used a standardised frame to restrict the amplitude of motion to 3 cm. Additionally, all centres were provided with a standardised metronome equipped with a red Xashing LED to pace movement at a frequency of 1 Hz. The LED was switched oV during rest periods. The subjects were trained on the task before entering the scanner and were monitored during the scan to ensure that the task was performed correctly.
Image analysis
The analysis was performed using tools from the FMRIB Software Library (http://www.fmrib.ox.ac.uk/fsl). At the Wrst level, which consists of each individual fMRI scan (four per subject), the following were applied: motion correction (Jenkinson et al. 2002) , spatial smoothing using a Gaussian kernel of full-width half-maximum 8 mm, and non-linear high-pass temporal Wltering. Statistical analysis was parametric based on the general linear model. EPI images were registered to anatomical images and standard space using FLIRT with aYne transformation and 12° of freedom (Jenkinson and Smith 2001) . The second-level analysis combined the four scans from each subject in order to produce an average activation map for each individual.
A third-level analysis was applied with mixed eVects, where all individual patient data from the second-level analysis were pooled and compared to the pooled data from healthy controls (Woolrich et al. 2004 ). The main eVect of the task in healthy controls, age and centre were maintained as explanatory variables. At the third level, three diVerent contrasts were examined in both patient and healthy control groups: main deactivation eVect of task, age-related fMRI deactivation, and deactivation in relation to the centre. The main deactivation eVect was calculated through a one-sample t test. The eVect of age was then incorporated by including it as an additional covariate and the centre eVect was calculated through variance analysis (one factor, seven levels).
In order to compare patients with healthy controls, the contrasts of patients relative to controls and controls relative to patients were calculated for the main eVect of task as an unpaired two-sample t test). To test speciWcally for deactivation diVerences, a binary mask was prepared as the sum of deactivation (positive contrast of rest vs. movement blocks) for the patients and the controls. The relative magnitude of the group diVerences in deactivation between patients and controls was assessed only within this mask. The variability in patient-control contrast across centres was calculated using an ANOVA model. To account for centre variability within the group diVerence, an f-test was performed for eight contrasts in this model, each contrast representing, for each of the eight sites, the diVerence of controls minus patients, minus the average across all sites of the diVerence of controls minus patients. To determine the contrast of age eVect in patients compared to age eVect in healthy controls, a two-sample unpaired t-test was used with two group averages as explanatory variables, and the ages of each group were added as co-variates.
All Z-stat maps were corrected for multiple comparisons using cluster detection, with clusters deWned by Z > 2.3 and corrected cluster signiWcance threshold of P < 0.05 (Forman et al. 1995) .
ROI analysis
Region of interest (ROI) analysis was performed to test for individual local deactivation responses in the hand region (Yousry et al. 1997 ) of the ipsilateral motor cortex in standard MNI space by the following parameters: 26 · x · 42, ¡22¸y¸¡34, 56 · z ·66. The ROI was applied to the second-level COPE (contrast of parameter estimates, referring to the weighting parameters in the general linear model Wts, a measure of the degree of "activation" in the contrast) maps of each subject and mean activation was calculated as the mean COPE within the ROI.
Results
Right hand tapping elicited activation (Z > 2.3, corrected P < 0.05) in a distributed network of cortical and subcortical regions associated with motor control in the 60 healthy subjects and in the 56 patients with MS, as has been well described in other reports (see e.g. Lee et al. 2000 ; data not shown). We tested for relative deactivation (i.e. decrease in BOLD signal during hand tapping relative to rest) associated with right hand tapping task for the healthy controls. We found signiWcant deactivation in the ipsilateral sensorimotor cortex as well as more widely, most prominently including the anterior cingulate cortex and precuneus (Fig. 1) .
We then tested for statistically signiWcant diVerences in deactivation between MS patients and the healthy controls in regions showing deactivation for the groups individually. We performed this using two complementary mixed-eVect contrasts: healthy controls relative to the MS patients, and MS patient relative to the healthy controls. SigniWcantly greater deactivation was found for healthy controls in the ipsilateral (right) pre-and postcentral gyri with a primary cluster centre of gravity located at x = 30, y = ¡29, z = 55, with additional, smaller clusters at x = 6.5, y = ¡26, z = 43, x = 50, y = ¡53, z = 16 and x = ¡37, y = ¡82, z = 5 (Fig. 2 ). There were no regions of signiWcantly greater deactivation for MS patients relative to the healthy controls.
To estimate the extent of deactivation diVerences, we performed an ROI analysis in the ipsilateral motor cortex to determine the relative mean parameter estimates from the general linear model (COPE score, an index of the magnitude of signal change; see "Methods" for ROI selection). We conWrmed large decreases in the relative deactivation: controls ¡26 § 29; MS patients, ¡12 § 29 (P < 0.01).
This was a multi-centre study, which raises the potential for introduction of centre-speciWc data biases. We therefore tested whether deactivation diVerences varied between individual centres. Only centre 1 showed signiWcantly greater deactivation in the healthy controls relative to other centres and this was limited to regions in the visual cortex and the brain stem (Fig. 3) .
Using a separate statistical model, we found that age did not signiWcantly explain any of the variation in relative deactivation with the task across the whole group. There was no correlation between relative deactivation in the ipsilateral primary sensorimotor cortex and disability (EDSS) for the patients (data not shown).
Discussion
Ipsilateral sensorimotor cortex deactivation with hand movement has previously been identiWed with relatively small numbers of subjects (Allison et al. 2000) . Our Wrst analysis conWrmed with substantial study power that even a simple motor task is associated with clear fMRI deactivation in the healthy brain. FMRI deactivation in this context is most likely associated with relatively reduced local blood Xow and oxygen extraction, consistent with a relative inhibitory response (Shmuel et al. 2006; Stefanovic et al. 2004 ). In some regions, such as the ipsilateral primary sensorimotor, this eVect may be a consequence of transcallosal inhibition, as discussed previously (Manson et al. 2006) . Our observations here illustrate more widespread deactivation than reported initially for a hand movement-related rest vs. movement contrast (Allison et al. 2000) , as well. The anatomical distribution of changes is consistent with that previously reported by us (and others) as being associated with "resting state networks", regions of coherent BOLD signal change suggesting functional integration, whose activity is increased in the unstimulated brain (rest) and decreased with stimulation or a task (DeLuca et al. 2006; Beckmann et al. 2005; Rombouts et al. 2005; Greicius et al. 2004; Raichle 1998) . The modulation of these activation areas is correlated with neuropsychological factors related to attentional focus (Mason et al. 2007; MacKiernan et al. 2003) .
With the increased power aVorded by this multi-centre study, we conWrmed that MS patients have decreased movement-associated BOLD signal deactivation in the ipsilateral sensorimotor cortex, as we suggested previously in a small, pilot study (Manson et al. 2006) . Lenzi et al. also recently showed a correlation between increased T1-lesion load (a marker of more axonally-destructive lesions) or increased mean diVusivity (consistent with greater axonal loss) and increased relative activation (a corollary of reduced deactivation) in the ipsilateral sensorimotor cortex with a simple hand movement task (Lenzi et al. 2007 ). Transcallosal Wbres may be particularly vulnerable to injury with MS because of the preferential clustering of lesions in regions around the lateral ventricles (Lee et al. 1999) . There is evidence for callosal Wbre metabolic impairment, as well as loss (Cader et al. 2007) . Impairment of deactivation also may be related to deWcits in GABAergic neurotransmission (Dutta et al. 2006) .
Inhibition (deactivation) is a critical control mechanism in neuronal networks. We postulate that the deactivation changes found here for the MS patients reXect functional consequences of pathology that also contribute to the abnormal activation patterns associated with the disease and to behavioural impairments (Filippi and Rocca 2005; Filippi et al. 2002 Filippi et al. , 2004a Lee et al. 2000; Leocani et al. 2001; Pantano et al. 2002a Pantano et al. , b, 2005 Reddy et al. 2000a Reddy et al. , b, 2002 Rocca et al. 2002a Rocca et al. , b, 2003a Rocca et al. , b, 2004 Rocca et al. , 2005 . Apparent increases of relative activation in the ipsilateral sensorimotor cortex therefore need not reXect adaptive responses (e.g. recruitment of ipsilateral corticospinal tract) as some of the previous works have suggested, but may simply be a reXection of functional pathological changes and be potentially maladaptive.
A recent study has demonstrated a correlation between relative rostral anterior cingulate (ACC) deactivation and global grey matter atrophy with a delayed recognition task in patients with MS (Morgan et al. 2007 ). The absence of rostral ACC deactivation changes in our study could reXect diVerences in the patient populations. However, diVerent neural circuits are engaged with the cognitive task. A diVerent pattern of pathology-dependent relative deactivation may be expected even if similar mechanisms (e.g. reduced signal phase coherence with conduction defects, reduced information transfer with axonal loss) underlie both observations. A potentially attractive aspect of the transcallosal Fig. 3 Centre diVerences. The group mean activation image from Centre 1 shows signiWcant diVerences relative to other centres in the visual cortex and brainstem circuit is that the relatively well-deWned functional anatomy simpliWes analysis and interpretation of changes.
This study incidentally conWrms that it is possible to perform meaningful multi-centre studies with MS patients in order to better characterise weaker signal changes. Because task-associated BOLD deactivation is typically of a smaller magnitude than BOLD activation, larger numbers of subjects are needed to adequately power a study relative to the numbers for an activation study. This was tested directly using the current data. When the relative deactivation contrast of healthy controls vs. MS patients was examined on a centre-by-centre basis, only the data from three out of eight individual centres (mimicking the results that would be reported if these were considered as individual studies) would have showed statistically signiWcant deactivation in the MS patients (SCM, PMM, personal observations). However, as described in the results, the data in aggregate suggest that this observation is a consequence of lack of statistical power to detect changes in any individual centre population, rather than meaningful centre-by-centre heterogeneity: in directly comparing the mean deactivation contrast (healthy controls vs. MS patients) of each individual centre with the combined mean deactivation contrast of the other centres. The only centre that signiWcantly diVered was Centre 1, where diVerences were found only in the visual cortex and the brainstem (in which the anatomy could not be well deWned). In a post hoc exploration of diVerences between the stimuli at the centres, we found that Centre 1 used a visual stimulus (large red circle projected on a screen), which was diVerent from that at the other centres (small red LED).
A potential limitation in our study was that gender was not well-matched between patients and healthy controls. Sexual dimorphism of structural asymmetries in motor cortex suggests the potential for gender diVerences in functional activation (Amunts et al. 2000) , as has been well reported for some cognitive tasks (e.g. Bell et al. 2006 ). However, we are not aware of reports of diVerences in activation between men and women for a simple hand-tapping task and did not observe such diVerences in healthy control data (PMM, CW, unpublished observations).
In summary, here we have conWrmed and extended our previous observation that brain functional changes in MS include impaired deactivation, as well as the previously well-described changes in activation. The clinical signiWcance of alternations in these broader response changes is uncertain at this point, but they could contribute directly to impairments of speciWcity of motor control (Manson et al. 2006) .
